Significantly different m values (1.9-2.7 kcal mol-' M") were observed for point mutations at a single, solventexposed site (T53) in a variant of the B1 domain of streptococcal Protein G using guanidine hydrochloride (GuHCI) as a denaturant. This report focuses on elucidating the energetic and structural implications of these m-value differences in two Protein G mutants, containing Ala and Thr at position 53. These two proteins are representative of the high (mi-) and low ( m -) m-value mutants studied. Differential scanning calorimetry revealed no evidence of equilibrium intermediates. A comparison of GuHCl denaturation monitored by fluorescence and circular dichroism showed that secondary and tertiary structure denatured concomitantly. The rates of folding (286 s" for the m+ mutant and 952 s" for the m-mutant) and the rates of unfolding (1 I s-l for m+ mutant and 3 s-I for the m-mutant) were significantly different, as determined by stopped-flow fluorescence. The relative solvation free energies of the transition states were identical for the two proteins (at = 0.3). Small-angle X-ray scattering showed that the radius of gyration of the denatured state (Rgd) of the m f mutant did not change with increasing denaturant concentrations (Rgd -23 8,) ; whereas, the R8d of the m-mutant increased from approximately 17 8, to 23 A with increasing denaturant concentration. The results indicate that the mutations exert significant effects in both the native and GuHCI-induced denatured state of these two proteins.
Protein engineering has proven to be a powerful tool in determining the contribution of individual amino acids to protein folding, stability, and activity. It is possible to construct any number of different mutations to deconvolute the molecular details of the property studied. The stability of a series of mutants is typically compared by measuring AG, the free energy of folding. Because this quantity is the difference in free energy between the folded and unfolded states, mutations may effect the same net change in AG by altering the stability of the folded state, the unfolded state, or both. For a complete interpretation of protein engineering data, it is therefore important to consider effects in both the native and denatured states (Shortle, 1992) .
In an earlier study, we used a mutational analysis to measure the P-sheet-forming propensities of the amino acids (Smith et al., 1994; Smith & Regan, 1995 born et al., 1991) that is referred to as "Pl" (Fig. la) . The strategy involved the individual substitution of all 20 amino acids at a single, solvent-exposed site, position 53, in the P-sheet region of P l (Fig. Ib) . To maximize solvent exposure of the guest residue and to minimize other interactions, the nearest cross-strand neighbors of the guest site were mutated (I6A and T44A). The thermal stabilities of the 20 position 53 mutants were compared and used to generate a thermodynamic scale of the P-sheet-forming propensities of the amino acids: the best p-sheet-forming residues were aromatic or P-branched (Tyr, Ile, Thr, Phe, Val, and Trp) , and the poorest were Gly, Pro, Asp, and Ala.
To complete the stability analysis, we compared the GuHCIinduced denaturation curves of selected mutants. Different mutants exhibited significantly different slopes or m values in plots of AG versus denaturant concentration. This observation led us to consider effects in the GuHC1-induced denatured state. Although a relationship between the P-sheet-forming propensities and the denatured state has been suggested (Bai et al., 1993; Bai & Englander, 1994) been altered. It is doubtful that chemical and thermal denaturation can be compared directly in all cases (Shortle, 1993; Tamura & Gekko, 1995) . To investigate the effect of these substitutions on the GuHCI-induced denatured state, we used a combination of both direct and indirect methods, as the number of experimental techniques available to probe the denatured state is limited. Here we present the results of equilibrium GuHCl denaturation monitored by circular dichroism (CD) and fluorescence, differential scanning calorimetry (DSC), folding and unfolding kinetics, and smallangle X-ray scattering (SAXS). Taken together, these results indicate that the mutations exert significant effects in both the native and GuHCI-induced denatured states of this protein.
Results

Equilibrium GuHCl denaturation: circular dichroism
We measured the GuHCI-induced denaturation curves of several PI mutants, representing a range of thermal stabilities. The mutants are referred to as PIX, where X is the one-letter code for the amino acid in the guest site, position 53 (Fig. Ib) . All PIX proteins therefore contain the mutation T53X as well as the substitutions, T2Q, I6A, and T44A (Smith et al., 1994) . Circular dichroism was used to monitor the loss of secondary structure as a function of denaturant concentration (Fig. 2a) . It is possible to obtain values of AG from this curve at denaturant concentrations within the transition region (see Materials and methods). For the mutants studied, a plot of AG as a function of GuHCl concentration can be fit to a straight line (Fig. 2b) . The y-intercept of this line is taken as the free energy of the protein in the absence of denaturant, and the slope or m value represents the cosolvation free energy change per mole of denaturant added.
From an examination of Figure 2b and Table I , it is clear that the rn values are not the same for the PI mutants examined. The least stable mutants exhibit significantly greater m values (2.7 kcal mol" M" for P I A ) than the more stable mutants (2.0 kcal mol" M-l for PIT). Following the nomenclature of Shortle and colleagues, we refer to the lower than average m-value mutants as m-and the higher than average m-value mutants as m+ (Shortle & Meeker, 1986) . There has been much discussion regarding the interpretation of the m value (Shortle & Meeker, 1986 , 1989 Shortle et al., 1990; Green et al., 1992; Shortle. 1992 Shortle. , 1993 Bowler et al., 1993) . Although the physical basis of GuHCl denaturation is not well understood, calorimetric studies indicate that in addition to perturbing the structure of the aqueous solvent, the denaturant binds to the hydrophobic surface area that is exposed as the protein unfolds (Makhatadze & Privalov, 1992) . It has been suggested that because the rn value reflects the difference in the amount of denaturant bound to the denatured versus the folded protein, differences in m values within a series of mutants may reflect differences in the solvent-accessible hydrophobic surface area that is exposed upon unfolding (Schellman, 1978) . This interpretation is supported by the observation that the introduction of a disulfide bridge in a protein decreases the magnitude of the protein's m value (Villafranca et al., 1987; Pace et a!., 1988; Betz & Pielak, 1992; Regan et al., 1994) . Furthermore, for several proteins the magnitude of the m value correlates with the heat capacity change that is associated with protein unfolding (ACp) (Myers et al., 1995) .
The different m values observed for the PI variants studied therefore suggest that the less stable variants expose more surface PIT and (open circles) PIA at various concentrations of GuHCl buffered in 50 mM NaOAc, pH 5.2, 20°C. The ellipticity was measured at 222 nm by circular dichroism. The curves were fit to a two-state model, indicated by the solid black lines, using non-linear least squares analysis (Santoro & Bolen, 1988 (Monera et al., 1994) , it is important to note that the differences between the charged residues have not been attenuated by the ionic nature of the denaturant.
area upon denaturing than the more stable variants. Because the guest site substitutions in the Dl variants are solvent exposed in the folded state, it is likely that the different m values reflect differences in the denatured state of these proteins. Of course, conformational changes in the native state that bury the solvent-exposed site could produce different m values. However, previous NMR characterization of three of these proteins (PIA, PIR, and PIT) showed no evidence of any conformational change in the native state that could account for the differences in m value (Smith et al., 1994) . In fact, the chemical shifts were remarkably similar for the three proteins studied. The presence of equilibrium intermediates may also cause the observed differences in m value, although experiments described in this report do not support this possibility. We selected two representative proteins for further study: P I A as an m+ variant and PIT as an m-variant. The folded state aConcentration of GuHCl at which 50% of the protein population is native. We estimate the average error in C,,, to be 46%.
bThe free energies have been extrapolated to 0 M GuHC1. Because the m values differ between these proteins, the extrapolated free energies may apply to different transitions. P-sheet structure of these two proteins in the folded state was previously characterized using NMR (Smith et al., 1994) . Additionally, Thr was shown to be the most stable, non-aromatic residue at position 53, whereas Ala was shown to be the least stable, non-charged residue, other than the atypical Gly and Pro.
Equilibrium intermediates
It is possible that rn-value differences within a series of mutants could result from the presence of equilibrium intermediates in some of the variants. Multiple denaturation transitions are usually indicative of the presence of equilibrium intermediates. The absence of multiple transitions, however, is not necessarily diagnostic of a two-state transition. The intermediate may be indistinguishable from the native or denatured state, depending on which structural feature is monitored. By definition, an intermediate is not part of the folded or denatured ensemble and must be different from these populations at some level. A comparison of the denaturation transition monitored by a variety of techniques should reveal deviations from two-state behavior.
Equilibrium thermal denaturation: calorimetry
It has been proposed that the m-value changes observed for certain variants of staphylococcal nuclease do not reflect differences in the denatured state of the protein but, instead, are caused by the presence of equilibrium intermediates (Carra & Privalov, 1995) . These calorimetric studies of staphylococcal nuclease variants revealed the presence of two thermal transitions. The first was interpreted as the native to intermediate transition, and the second as the transition from the intermediate to the unfolded state. It was suggested that this intermediate is populated at equilibrium but is spectroscopically indistinguishable from the unfolded state. We note, however, that under different solvent conditions multiple transitions were not observed (Tanaka et al ., 1993) and that solution scattering revealed m+ and m-mutant effects on the dena-tured state to be pH and temperature independent (Flanagan et al., 1992 .
Although thermal and chemical denaturation cannot necessarily be compared directly (Shortle, 1993; Tamura & Gekko, 1993 , we investigated the possibility that equilibrium intermediates might be detected in the thermal denaturation of the PI variants. Differential scanning calorimetry shows no indication of multiple transitions for either the m+ or the m-variants, PIA and PIT, respectively (Fig. 3) . The denaturation scans for both proteins are reversible, and the data are well fit by a two-state model. The parameters obtained by curve fitting are listed in Table 2 . The calculated molecular weight given by the parameter fl, the ratio of the van? Hoff to the calorimetric enthalpy, is close but not equal to the actual molecular weight of the protein (-6200 Daltons) with a ratio of 1.2. Deviations of this magnitude from the ideal value of 1.0 are not unusual and most likely reflect a slight degree of association between protein molecules at the concentrations used. A significant contribution of intermediate states would most likely make this inequality less than unity. The calorimetric data are in good agreement with studies in which CD was used to monitor the thermal denaturation transition: both P1A and PIT exhibited a single, cooperative denaturation transition with no indication of the presence of intermediates (Smith et al., 1994) .
Equilibrium GuHCl denaturation: fluorescence
To further explore the possibility that a significant population of equilibrium intermediates might occur during the denaturation of PIA and PIT, we compared their denaturation transition monitored by CD and by fluorescence. Whereas the CD signal of a protein measures the presence of secondary structure, the fluorescence emission of a protein is dependent on its tertiary structure. The solvent exposure and packing of the fluorophore (Tyr or Trp) modulate the fluorescence emission signal. A population that is identical to either the folded or denatured states in both tertiary and secondary structure must be part of either of these ensembles. Therefore, the concomitant loss of secondary and tertiary structure Table 3 . would provide a good indication that the existence of equilibrium intermediates is unlikely.
The protein PI and its variants contain a single tryptophan residue, which is located in the hydrophobic core at position 43. When excited at 277 nm, this residue shows a maximum fluorescent emission at 339 nm. Under denaturing conditions (3 M Gu-HCI, 50 mM NaOAc pH 5.2), the emission maximum of PIA shifts from 339 nm to 350 nm, and the intrinsic fluorescence at 339 nm is reduced by over 95%, which is likely due to the exposure of Trp43 to solvent. Such a drastic difference allows us to monitor the unfolding of these proteins by following the change in intrinsic fluorescence as a function of increasing GuHCl concentration. The denaturation profiles of PIA and PIT are essentially identical, regardless of whether tertiary or secondary structure is monitored (Fig. 4) . The parameters derived from curve fitting the denaturation transition monitored by fluorescence are within error of those determined by CD (data not shown). In combination with the DSC data, these results imply that any population of equilib-
GuHCl (M) tions of GuHCl buffered in 50 mM NaOAc, pH 5.2, 20°C. The fraction native was calculated using non-linear least squares analysis as described in Materials and methods. Fluorescence emission intensity was measured at 339 nm, and excitation was at 277 nm.
rium intermediates that occurs during the denaturation of P 1 A and PIT is negligible.
GuHCl denaturation: rapid transient kinetic studies
To further explore potential unfolded state effects, we performed rapid transient kinetic studies to compare the rates of folding and unfolding of P1T and PIA. An amino acid substitution can produce the same net change in a protein's free energy of folding in a number of ways. Figure 5 shows four energy diagrams, each compatible with an increase in the stability of a hypothetical protein.
Although the difference in free energy between the protein and the more stable variant is maintained in each of the scenarios, the activation energy, AG*, for folding and unfolding is different depending on whether the folded, unfolded, or transition state is affected. Because the magnitude of AG* determines the rates of folding and unfolding, direct measurement of these rates can provide insight into whether the energetic difference between two proteins is caused by a change in the native state, the denatured state, or both.
The folding and unfolding rates of PIT and PIA were measured using stopped-flow fluorometry monitoring the change in the intrinsic fluorescence of Trp43 that occurs during unfolding. (Hurle et al., 1987; Chen et al., 1992) . In this analysis, Ink, is plotted as a function of denaturant concentration (Fig. 7) . The left branch represents the folding reaction, and the right branch represents the unfolding reaction. The advantage of such an analysis is that it allows slopes derived from a series of points, rather than single measurements, to be compared. The parameters that can be determined from a double exponential curve fit to this line are the rate constants for both the unfolding and folding reaction (kl and k,, respectively), an estimate of the relative solvation free energy of the transition state (a*), and an estimate of the AG under nondenaturing conditions (AGkin) ( Table 3 ). Also included in Table 3 are the C, (the concentration of denaturant at the midpoint of the transition) and AG in non-denaturing conditions for PIA and PIT determined by equilibrium denaturation monitored by CD. These values are within error of those determined by stopped-flow fluorescence.
The proteins, PIT and PIA, differ from each other in both the rates of folding and unfolding. This observation clearly indicates that a state other than the native one has been affected by the substitutions at the guest site. Whether the transition state or the denatured state or both have been affected cannot be determined with certainty. It is likely, however, that the majority of the unfolding transition state energy is derived from the exposure of hydrophobic surface area to solvent. The relative fraction of the total free energy of solvation of the transition state, a* in Table 3 , is identical for the two proteins. This observation suggests that AGt and AG; are the apparent free energy of activation extrapolated to non-denaturing conditions for unfolding and folding, respectively. A: If the mutation stabilized the folded state alone, the rate of unfolding would be slowed, but the rate of folding would be unchanged. B: If the mutation destabilized the unfolded state alone, the rate of folding would be accelerated, but the rate of unfolding would be unchanged. C: If the mutation affected both the native and denatured states, both the folding and unfolding rates would be altered. D: If a mutation affects the transition state, the rates of both the folding and unfolding reaction would change. their transition states expose similar amounts of surface area to solvent and, therefore, that the difference in free energy between their transition states is small. If we adopt this simplifying assumption, the observed changes in the rates of folding and unfolding reflect differences in the stabilities of the folded and unfolded states of the proteins (corresponding to Fig. 5c ). The magnitude of Table 3 . Kinetic parameters for P I A and PIT1
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GuHCl (M) Fig. 7 . Chevron plots of (closed square) PIT and (open circle) PIA obtained by plotting their first-order rate constants determined though stoppedflow fluorescence monitored at 340 nm as a function of GuHCl concentration (buffered in 50 mM NaOAc, pH 5.2). The curves are calculated from eq. (4) using the parameters listed in Table 2. the energetic difference between the denatured states of the proteins and between their folded states would then be nearly equal ("I kcal mol").
Small-angle X-ray scattering
The results of the equilibrium GuHCl denaturation studies and the kinetic analysis suggest that the mutations affect both the folded and unfolded states of the protein. Specifically, the results imply that P1A (m+) exposes more hydrophobic surface area to solvent as it unfolds than does PIT (m-). In the absence of intermediates, this effect may be associated with a more expanded ensemble of denatured states for the m+ variant than for the m-variant. To address this possibility, we used SAXS as one of the few direct means by which to measure differences in the size and shape of a denatured protein (Flanagan et al., 1992 Sosnick & Trewhella, 1992; Kamatari et al., 1996 ; for a review, see Lattman, 1994) . The scattering intensity of a macromolecule can be represented by a Guinier plot in which the natural log of the scattering inten- "Calculation of these parameters is detailed in Materials and methods where kl is the rate constant of unfolding (s-I); k2 is the rate constant of folding ( S K I ) ; a i is the relative cosolvation free energy of the transition state; C:" is the concentration of GuHCl (M) at the kinetically determined midpoint of the transition; Czq is the concentration of GuHCl (M) at the midpoint of the transition determined through equilibrium denaturation monitored by CD; AG: is the activation free energy of unfolding (kcal mol");
AGi is the activation free energy of folding (kcal mol-'); Actin and AGeq are the free energies of folding at 0 M GuHCl (kcal mol") determined by stopped-flow fluorescence and by CD, respectively. sity, In I( Q ) , is plotted as a function of the square of the scattering angle, Q 2 [ Q = (47rsin 8) A-'; A = radiation wavelength; 28 = angle between transmitted and scattered beams]. For a single species, the plot is a straight line in the small angle region, and the radius of gyration, R,, can be obtained from the slope. Figure 8a and b show representative Guinier plots of PIA ( m + ) and P I T ( m -) , respectively. The concentrations of GuHCl used in these experiments were selected to maintain the same fraction native, F,,, for each protein. The F,, was derived from the GuHCI-induced denaturation monitored by CD. At F,, = l , the Guinier plot is a straight line for both proteins, as expected for a solution containing a single, compact species. At F, = 0.8 and below, the Guinier plots show curvature in the region QR, 5 l . The observed curvature likely reflects the presence of a mixture of compact folded protein and an ensemble of the more expanded structures sampled by the denatured state. It is unlikely that the curvature is an artifact caused by protein aggregation because the results are independent of protein concentration (from approximately 5 to 10 mg mL-l, data not shown).
Additional scattering curves collected to larger angles give information regarding the overall structure of the protein. A realspace representation of the information in the scattering curve can be obtained by using a Fourier inversion of the scattered intensity profile to obtain the distance pair distribution function, P(r). This function represents the distribution of vector lengths, r, connecting small volume elements in the entire scattering particle volume. Figure 9a and b show representative P(r) functions for PIA and PIT, respectively. The same F,, was maintained in these figures as in the Guinier plots of Figure 8a and b. The P(r) curves of PIA and PIT at F, = 1 are nearly identical and are characteristic of a roughly spherical protein, which is consistent with previous NMR characterizations (Gronenborn et al., 1991; Smith et al., 1994) . As the concentration of GuHCl is increased, the P(r) functions show that both proteins become progressively more elongated on average, as expected for a system containing a mixture of native and denatured species. The scattering features at large values of r are -0.6 1 Q2 (A-2) likely the result of errors introduced by weak scattering at longer wavelengths rather than true structural characteristics of the protein.
The values of R, calculated from the Guinier plots were used for further analysis, although qualitatively similar results were obtained for the R, calculated using the P(r) function. The values of R, plotted in Figure IO represent the average of the contribution from both native and denatured states. Assuming that the radius of gyration of the native state (Rgn) does not change as a function of GuHCl concentration, it is possible to calculate and remove the contribution of this native fraction from the R, using (eq. 6), see Materials and methods. Such a deconvolution gives the apparent radius of gyration of the denatured protein (Rgd) at each F,. The results are shown in Figure 11 , in which the Rgd for PIA and PIT is plotted as a function of GuHCl concentration. Such an analysis reveals that the Rgd of PIA does not change significantly with increasing GuHCl concentration and appears to be fully denatured at all denaturant concentrations studied. By contrast, the Rgd of PIT is smaller than that of PIA at low concentrations of GuHCI, increases as a function of increasing GuHCl concentration, and eventually reaches a similar, fully denatured conformation at high concentrations of denaturant. These observations lend direct support to the proposal that there is more structure, and as a consequence, less exposed hydrophobic surface area, in the denatured state of PIT ( m -) than in that of PIA (m+). Whereas evidence for residual structure in the denatured state has been reported previously (Shortle & Meeker, 1989; Neri et al., 1992; Flanagan, 1992 Buck et al., 1994; Arcus et al., 1995; Gorovits et al., 1995) , to our knowledge this is the first example of 0.6 at 13.7 mg mL", 1.2 M GuHCI; (plus sign) F, = 0.2 at 13.7 mg mL", 1.6 M GuHC1; and (closed diamond) F, = 0 at 13.7 mg mL". 2.3 M GuHCI.
a direct observation of an alteration in the structure of the denatured ensemble in response to increasing denaturant concentration.
Discussion
The studies of the pl variants presented here provide a structural and energetic illustration that single-point mutations at a surfaceexposed position can influence both the native and GuHC1-induced denatured states of a protein. The observation that the GuHClinduced denaturation profiles for selected mutants showed large differences in m values provided the first suggestion that the mutants may differ in the amount of hydrophobic surface area exposed upon denaturation: The m+ variants expose more surface area in the unfolded state than the m-variants. Differential scanning calorimetry detected no intermediates that could provide an alternative explanation for the large difference in m values observed. Comparison of equilibrium denaturation monitored by CD and fluorescence showed that secondary and tertiary structures are lost in a concerted manner, providing further evidence for the lack of a significant population of equilibrium intermediates. Stoppedflow kinetic studies supported the equilibrium denaturation data and clearly showed, that a state other than the native one was affected by the substitutions at the guest position. In addition to using the indirect probes of the denatured state discussed above, we used SAXS to provide direct evidence that at intermediate concentrations of GuHCI, the size of the denatured state of the representative m+ mutant is more expanded than that of the m-mutant. The RRd of the denatured state of PIA (m+) was shown to be independent of GuHCl concentration, suggesting that even at low GuHCl concentrations PIA has no residual structure that can be further unfolded. By contrast, the RRd of PIT ( m -) increases as a function of GuHCl concentration, implying that the denatured state of the m-mutant has residual structure that is eventually lost at the highest GuHCl concentrations. These observations provide direct physical evidence for the difference in m values exhibited between PIA and PIT and the origin of the differential exposure of hydrophobic surface area in their denatured states.
In the transition region (Fig. 2b) , the free energy of folding in the presence of GuHCl is linearly proportional to the concentration of denaturant:
where AGu is the free energy of unfolding at a particular denaturant concentration; AGH20, m, and [Dl are as described above. At any concentration of GuHCI, the fraction native, Fn, can be calculated from the equation:
Protein preparation where is as described above and aN and aD are ellipticities of the native and denatured states, respectively. The values for aN and scribed (Smith et al., 1994) . Protein concentration was determined eq, aN = mN,Dl + and aD = mDIDl +
Errors in Fn
correspond to a 1 mg mL" solution (Alexander et al., 1992 0.5 mg mL". Loss of secondary structure as a function of GuHCl concentration was monitored at 222 nm by circular dichroism on an Aviv Associates 62DS Spectrometer (Lakewood, NJ) at 20.0 ? 0. I "C. To ensure that the unfolding reaction was complete, data points were collected every I O s for 300 to 500 s, and any trends were noted. No change in the absorbance at 222 nm beyond the expected fluctuations was observed for any of the proteins, indicating that the unfolding reaction was complete. The collected points were averaged to produce a single data point on the denaturation curve. Denaturation curves (Fig. 2a) were analyzed using nonlinear comparison of the GuHCl denaturation transitions monitored by CD and by fluorescence.
Equilibrium GuHCl denaturation followed by fluorescence
Stock solutions of 8 M guanidine hydrochloride were purchased from Pierce (Rockville, IL) and used without further purification. For each data point in the denaturation experiment, less than IO p L of concentrated stock protein solution was diluted to a final volume of 1 mL with the appropriate concentration GuHCl solution containing 50 mM NaOAc, pH 5.2. The final protein concentration was approximately 80 p g mL". Loss of structure as a function of GuHCl concentration was monitored at 20.0 ? 0.1 "C by fluorescence change at 339 nm (excitation at 277 nm) on an SLMAminco 8OOOC spectrofluorometer (SLM Instruments, Urbana, IL). The signal was normalized using rhodamine as a reference. Denaturation curves were analyzed as described for equilibrium denaturation monitored by CD.
least squares to fit the data directly to the equation (Santoro & Calorimerry Bolen, 1988) :
Samples of P I A and PIT at 4.0-4.5 mg mL" in 50 mM NaOAc, pH 5.2 were used in the DSC experiments, which were run in either an MC-2 instrument (Microcal, Northampton, MA) or in where a,,,,, is the observed ellipticity at 222 nm, mN and a; are the slope and intercept of the pre-transition baselines, respectively, mu and C T~ are the slope and intercept of the post-transition base lines, respectively, [Dl is the molarity of the denaturant, is the free energy of folding in the absence of GuHCI, R is the gas constant 1.98 cal mol" K", T is the temperature in Kelvin, and m is a constant that is proportional to the increase in the degree of solvent exposure of the hydrophobic surface of the protein upon denaturation (m value) (Schellman, 1978; Pace & Vanderberg, 1979) . The software package Kaleidagraph (Synergy Software, Reading, PA) was used to determine the value and statistical error associated with each of the six parameters. squares procedure (Sturtevant, 1987) gave the values and error estimates for the parameters, tl/2, Ah,,,, P, and Ac,, listed in Table 2 . Here, tIl2 is the temperature ("C) of half-completion of the thermal unfolding, Ah,,, is the enthalpy (cal g-I) of unfolding, P is the ratio AHVH/Ahcal, where AHvH is the enthalpy (cal mol") that controls the progress of the transition according to the van? Hoff equation, and Ac,, is the permanent change in specific heat (cal K" 8") caused by the unfolding.
Rapid transient kinetics
Stopped-flow measurements were performed using a Kintek SF-2001 (Kintek Instruments, State College, PA). This apparatus has a 1.5 ms dead-time and a 0.5 cm path length observation cell that was maintained at 25 "C (Johnson, 1992) . The apparatus was equipped with 5 mL and 0.5 mL syringes to allow 1O:l mixing ratios. The initial protein concentration was approximately 21 mg mL ~ I. All GuHCl solutions used were buffered in 50 mM NaOAc, pH 5.2. For the unfolding reactions, the initial concentration of denaturant was 0.2 M GuHCl for /3 1 A and 0.22 M GuHCl for / 3 IT. For the folding reactions, the initial concentration of denaturant was 2.0 M GuHCl for PIA and 2.2 M GuHCl for PIT. The concentrations of GuHCl were selected to maintain the same F, for P I T and PIA as determined from their equilibrium GuHCIinduced denaturation curves monitored by CD. To initiate the reaction, the proteins were diluted 1: I O in the stopped-flow apparatus by a series of folding or denaturing buffers that contained 50 mM NaOAc, pH 5.2, and various concentrations of GuHCI. Protein folding was monitored by following the change in intrinsic tryptophan fluorescence using a monochromator set at 280 nm for excitation and an interference filter at 340 nm for detection. The data from three or four runs were averaged for analysis. The data were collected over a given time interval by an IBM 486 computer using Kintek Instruments software.
Rate constants, k,, were obtained by fitting the data to a single exponential function using non-linear regression. To obtain the chevron plot, Ink,. was plotted as a function of GuHCl concentration, C (Beasty et al., Hurle et al., 1987; Chen et al., 1992) . One of the characteristics of these plots is that they become linear at high C (strongly denaturing conditions) and at low C (strongly folding conditions). The curve-fitting program, Kaleidagraph (Synergy Software, Reading, PA) was used to fit the chevron plot to the following equation:
Ink, = [n(kye -46Trc + /r;e pap?'c)
where k, is the apparent first-order rate constant k, = k, + k2; C is the molar concentration of denaturant; k l is the rate constant of unfolding ( s -l ) ; k2 is the rate constant of refolding ( S C I ) ; RTAPiI is the change in molar cosolvation free energy of activation for the unfolding reaction; and RTAP;* is the change in molar cosolvation free energy of activation for the folding reaction. The parameter a* is the relative solvent exposure of the transition state and is given by where -RTAP0 is the change in molar cosolvation free energy ( m value).
Small angle X-ray scattering
Data were collected from solutions of PIA and PIT at concentrations from 5 to 10 mg mL-' . Samples were prepared by dialyzing the protein against the appropriate GuHCl solution buffered with 50 mM NaOAc, pH 5.2 for 17-23 h using a Pierce System 500 microdialyzer (Rockville, IL). The concentrations of GuHCl used to give the specific F,, were determined from the GuHCI-induced denaturation curves monitored by CD. Dialysis tubing was 1000 molecular weight cutoff cellulose ester (Spectra Por, Houston, TX) or framed dialysis tubing 1000 molecular weight cutoff (Pierce, Rockville, IL). The dialysate was used for buffer subtraction after corrections were made for absorption and fluctuations in beam intensity.
Approximately I O p L samples were transferred into a 2 mm path length quartz capillary tube, which was subsequently sealed to prevent evaporation. The same capillary tube was later rinsed with buffer and reused for the next sample so that the instrument factor was unchanged during the measurements. Data acquisition times were 5 h for folded proteins and 24 h for denatured proteins. The extended acquisition time was necessary for the denatured proteins because of the low contrast in electron density between the protein solution and the denaturant solution.
The X-ray source was a Rigaku RU-300 rotating anode generator operating at 50 kV and 180 mA producing 1.5 A Cu-K, radiation. The beam was pinhole collimated with an incident beam diameter of 1.2 mm. A two-dimensional multiwire detector (Hamlin, 1985) with 256 X 144 pixels and a sensitive area of 290 X 288 mm2 was placed 2.3 meters from the sample holder. The measured Q ranged from 0.013 to 0.36 A", Q = (4.rrsin 13 A").
Data were collected on a VAX 3200 station and then transferred to an SGI computer for reduction and further analysis. The twodimensional scattering pattern was circularly and time averaged and reduced to an I ( Q ) versus Q linear plot. An ammonium sulfate crystal pellet was placed in the beam about 2.5 cm in front of the beam stop. The intensity of the diffracted pattern from this pellet in the corner of the two-dimensional detector was employed as an internal monitor of the fluctuations in beam intensity and absorption of X-rays by the sample. Guinier plots were linearly fit in the QR, I 1 region using the XMGR graphics software for SGI (Turner, PJ Center for Coastal and Land-Margin Research, Oregon Graduate Institute of Science and Technology, Beaverton, OR). A least squares linear fit was used to estimate errors in R,y. In the case of the fully denatured state (F, = 0.03), the Guinier plot fitting was done in the region of Q I 0.040 k ' . The P(r) functions were calculated with the SGI version of the GNOM program (Semenyuk & Svergun, I99 1 ) provided by Dr. Svergun.
The I(0) was normalized to the protein concentration and the diffracted peak area from the beam monitor. Comparison of the corrected I(0) of the folded protein and the denatured proteins showed no evidence of aggregation at different F,. Protein solutions containing different denaturant concentrations were measured both at about I O mg mL" and 5 mg mL" . No apparent intermolecular interaction was observed at either of these protein concentrations.
The radii of gyration of the apparent denatured states (R,d) were calculated using the equation:
where R, is the measured radius of gyration, R,, is the radius of gyration of the folded state, and F, is the fraction native as determined through GuHCI-induced denaturation monitored by CD. The error in Ryd, uRXd, was calculated according to the equation (Bevington, 1969): where VR,, uRRn, and uF,, are the errors in R,, R,,, and F,. respectively. The errors in R, and F, were estimated as described earlier, and the error in R,, is the error in R, calculated for each protein at 0 M GuHCI.
